The human brain is continually, dynamically active and spontaneous fluctuations in this activity play a functional role in affecting both behavioural and neuronal responses. However, the mechanisms through which this occurs remain poorly understood. Simultaneous EEG-fMRI is a promising technique to study how spontaneous activity modulates the brain's response to stimulation, as temporal indices of ongoing cortical excitability can be integrated with spatially localised evoked responses. Here we demonstrate an interaction between the ongoing power of the electrophysiological alpha oscillation and the magnitude of both positive (PBR) and negative (NBR) fMRI responses to two contrasts of visual checkerboard reversal. Furthermore, the amplitude of pre-stimulus EEG alpha-power significantly modulated the amplitude and shape of subsequent PBR and NBR to the visual stimulus. A nonlinear reduction of visual PBR and an enhancement of auditory NBR and default-mode network NBR were observed in trials preceded by high alpha-power. These modulated areas formed a functionally connected network during a separate resting-state recording. Our findings suggest that the "baseline" state of the brain exhibits considerable trial-to-trial variability which arises from fluctuations in the balance of cortical inhibition/excitation that are represented by respective increases/decreases in the power of the EEG alpha oscillation. The consequence of this spontaneous electrophysiological variability is modulated amplitudes of both PBR and NBR to stimulation. Fluctuations in alpha-power may subserve a functional relationship in the visual-auditory network, acting as mediator for both short and long-range cortical inhibition, the strength of which is represented in part by NBR.
Introduction
Recent work has demonstrated the fundamental importance of intrinsically connected networks (ICNs) of brain regions in supporting human brain function (Smith et al., 2009 ). Neuronal activity is strongly correlated between individual ICN nodes during the resting-state (De Luca et al., 2006) . Individual components of these ICNs can be modulated by external inputs giving rise to the stimulus-evoked response that is the principal, non-invasive measure used to elucidate the spatial origin and intensity of brain activity with EEG and fMRI. Single-trial responses can be modulated by the brain's spontaneous activity (Arieli et al., 1996; Becker et al., 2011; Fox et al., 2007; Nierhaus et al., 2009) suggesting that interactions between ongoing network dynamics and processing of external events are intrinsic to the function of the brain. However the functional significance of these modulations and the neural substrates that give rise to them remains poorly understood.
Simultaneous EEG-fMRI allows the investigation of these dynamic interactions because temporal indices of ongoing brain activity can be extracted from EEG frequency bands and their origins spatially localised with fMRI. The dominant characteristic of scalp EEG is the 7-13 Hz alpha oscillation (Berger, 1929) which forms an important substrate of human cognition Klimesch, 1997; Klimesch et al., 2007; Mathewson et al., 2011) . Alpha functionality is characterised by phasic cycles where increases or decreases in the synchrony of the oscillation reflect states of inhibited or enhanced cortical excitability respectively (Anderson and Ding, 2011; Foxe et al., 1998; Pineda, 2005; Romei et al., 2008) that influence the detection and perception of external stimuli Thut et al., 2006) . This study aims to clarify contrasting reports that the positive blood oxygenation level dependent (BOLD) fMRI response (PBR) to visual stimulation is unaffected (Scheeringa et al., 2011) or linearly modulated by pre-stimulus alpha-power (Becker et al., 2011) . We extend previous work by investigating the alpha-BOLD relationship with varying stimulus intensity and in brain networks beyond visual cortex, including areas displaying a decrease in BOLD signal below pre-stimulus baseline levels (negative BOLD response (NBR)). Recent work emphasizes that the functional significance of alpha power is not restricted to visual cortex and alpha can act as a top-down brain mechanism for shaping input information and controlling neuronal processing Mathewson et al., 2011) . As trial-by-trial analyses become increasingly utilised (Debener et al., 2006; Scheibe et al., 2010) , it is important to understand to what extent evoked brain responses can be modulated by ongoing network activity. This will allow a clearer interpretation of whether differences in the single-trial brain response measured between experimental conditions are induced solely by the experimental paradigm or can be explained by variations in the state of the brain at the time of stimulation.
Visual tasks induce NBR in the unstimulated or unattended regions of visual cortex (Tootell et al., 1998) , auditory cortex (Laurienti et al., 2002) and the default-mode network (DMN) (Singh and Fawcett, 2008) . Though the neurophysiological origins of the NBR remain incompletely understood, NBR is associated with concurrent decreases in cerebral blood flow and oxygen metabolism and is thought to represent neuronal deactivation via functional inhibition of non task-related processing (Ferbert et al., 1992; Klingner et al., 2010; Shmuel et al., 2006) . Investigating whether the NBR is modulated by spontaneous activity in a comparable manner to the PBR may help to elucidate the functional significance of and the physiological mechanisms underlying the NBR. Primary visual and auditory cortices demonstrate cross-modal influences, where activation in one stimulus modality suppresses activity in the other (Laurienti et al., 2002) . These cortices share both structural and functional connections as demonstrated in both primates (Falchier et al., 2002; Rockland and Ojima, 2003) and humans (Beer et al., 2011; Eckert et al., 2008) which provides an underlying network substrate to facilitate this neuronal communication.
Here we use simultaneous EEG-fMRI to investigate the hypothesis that cortical alpha oscillations play a role in mediating the balance of excitation and inhibition and influence the magnitude of both PBR and NBR in the visuo-auditory and default-mode networks. We present a novel EEG-fMRI integration application of the general linear model (GLM) by explicitly modelling an index of ongoing cortical excitability (alpha-power) and its interaction with the brain response to stimulation. This approach demonstrates that the so-called "baseline" of brain activity can substantially modulate PBR and NBR across cortical regions both directly and indirectly driven by the task.
Materials and methods

Stimulation paradigm and data acquisition
Fourteen subjects participated in the experiment (4 female, 27.8 ± 5.4 years, (mean ± std)). Written, informed consent was obtained from all participants and the protocol was approved by the Research Ethics Board of the University of Birmingham. As described in initial methodological publications (Ostwald et al., , 2011 Porcaro et al., 2010) left visual hemi-field, checkerboard stimuli were presented for one second, separated by an inter-stimulus interval of either 16.5, 19 or 21 s to allow haemodynamic responses to recover to baseline between stimuli. Black/white checkerboard stimuli were presented at either high (C Michelson = 1) or low (C Michelson = 0.25) contrast levels in a pseudo-randomized order. Five experimental runs were acquired in each participant, each consisting of 17 trials per contrast, providing 85 trials per contrast in total. Subjects were instructed to continually fixate on a central fixation cross that was displayed throughout. A simple fixation task was performed to ensure maintenance of central fixation and subject's attention: in a random selection of half of the trials, the fixation cross changed from a plus sign to an X at a random point during the fixation period uniformly sampled from the interval of 4.5-16.5 s after stimulus onset. Subjects reported the change in fixation by a button press using the index finger of the right hand. In parallel with the visual stimulation, simultaneous EEG-fMRI data were acquired using a 3 T Philips Achieva MRI scanner equipped with an eight-channel, phased array head coil and a 64-channel MR compatible EEG system (Brain Products, Germany). EPI data were acquired from 20 slices (441 volumes, 2.5 × 2.5 × 3 mm, TR = 1500 ms, TE = 35 ms, SENSE factor = 2, flip angle = 80°), providing approximately half-brain coverage in the dorsal-ventral direction. Individual runs were separated by a short period (maximum of 2 min) to minimise subject fatigue. Additionally, a high-resolution (1 mm isotropic) T1-weighted anatomical image was acquired. EEG data were recorded from 62 Ag/AgCl ring-type scalp electrodes, distributed according to the 10-20 system, with two additional channels used for recording the ECG and electrooculogram (EasyCap, Herrsching, Germany) . EEG data were sampled at 5 kHz, synchronised with the MRI scanner clock (Mullinger et al., 2008) , with hardware filters of 0.016-250 Hz. Impedance at all recording electrodes was maintained below 20 kΩ. In addition to the visual stimulation runs, a 3-minute resting scan was acquired (120 volumes). Participants were instructed to close their eyes and think of nothing in particular. Total duration of data acquisition was sixty minutes.
Data analysis EEG processing
The gradient and pulse artefacts were removed using averageartefact subtraction in Brain Vision Analyzer 1.05 (Brain Products, Munich, Germany) and optimal basis sets (Niazy et al., 2005) respectively. Separately for each subject, data from all stimulus runs were concatenated and down-sampled to 500 Hz. These data were then band-pass filtered into separate visual evoked potential (VEP, 1-25 Hz) and alpha (7-13 Hz) datasets.
VEP extraction
Functional source separation (FSS) was applied to the VEP data as a second EEG processing step. FSS, a semi-blind extension of the independent component analysis (ICA) technique, has recently been demonstrated to reliably improve single-trial EEG data recorded during concurrent EEG-fMRI Porcaro et al., 2010) . We implemented FSS incorporating prior knowledge about the response of interest, here the P100 peak latency, to provide improved extraction of the neuronal source generating the stimulus response as described in detail in Porcaro et al. (2010) . The FSS source was then retro-projected to obtain its electric potential distribution at the scalp electrodes to facilitate integration of VEP measurements with alpha power analysis that was conducted at the channel level (see below). High (HC) and low (LC) contrast single-trial VEPs were extracted from electrode PO8 (−200 ms to +500 ms relative to stimulus onset) and corrected for pre-stimulus baseline. Single-trial P100-N140 amplitudes were measured (Mayhew et al., 2006) .
Measuring occipital alpha-power
To optimize the extraction of alpha-frequency neuronal oscillations, a semi-automatic ICA (fastICA, (Hyvarinen, 1999) ) feature selection was performed on the 7-13 Hz alpha-band filtered data. Only components displaying bilateral, occipital scalp topography and clear spectral peak presenting alpha-power were retained. ICs that contained signal time-locked to the stimulus were excluded to maximise the separation of the ongoing alpha oscillation from the lateralized evoked response, as although VEPs represent functionally distinct brain processes to the alpha oscillation, the power of the VEP response could confound the measurement of ongoing alpha, which was our priority. No lateralized components were rejected that contained only alpha frequency signals. We focus our analysis upon bilateral alpha power, which provides a reliable measure of visual network excitability and best enables us to investigate the bilateral modulation of BOLD responses both within and beyond visual cortical areas. Following component selection, data were retro-projected into channel space and channels PO3/4, POz, O1/2 and Oz were epoched using: 1) the MRI volume acquisition onset timings ('TR epochs'); 2) −1000 ms to +4000 ms peri-stimulus time window ('stimulus epochs'). Time-frequency spectrograms of oscillatory power were separately calculated for all TR and stimulus epochs using the continuous Morlet wavelet transform in the Fieldtrip toolbox (http:// fieldtrip.fcdonders.nl/) (Oostenveld et al., 2011) .
Continuous alpha-power for general-linear model analysis
Using a ±1 Hz interval around each individual's alpha frequency (IAF) the mean alpha-power was calculated for each TR epoch, subsampling continuous alpha-power at the temporal resolution of fMRI, averaged across channels and mean subtracted. Alpha-power was then normalised to control for differences in maximum alpha-power between subjects and for each run an alpha time-series regressor was calculated for subsequent GLM analysis of fMRI data.
Stimulus-induced changes in alpha-power
For each stimulus epoch, the timecourses of the alpha response induced by HC and LC stimuli were extracted from the IAF ±1 Hz lines of each spectrogram and normalised across subjects.
Pre-stimulus alpha-power
The mean pre-stimulus alpha-power (−500 ms to 0 ms) was calculated from the spectrogram of each stimulus trial using a ±1 Hz interval around the IAF.
Evaluation of VEP and alpha responses to visual stimulation
Separately for HC and LC stimuli, induced alpha and evoked VEP response trials were subsequently sorted into lower and upper 25% quartiles of pre-stimulus alpha-power. For each subject, single-trial P100-N140 amplitudes were averaged within lower and upper quartiles and a paired t-test was used to test for P100-N140 amplitude differences between quartiles across the group. Similarly, alpha-power timecourses were averaged within quartiles and the exact temporal period of differences between quartiles was then tested using paired t-tests at each time point across the group. Finally, spectrograms were averaged across all trials and subjects to create a group representation of stimulus induced changes in oscillatory alpha-power.
fMRI pre-processing
All fMRI analyses were carried out using FSL 4.1.8 (FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl). The following pre-processing was applied: automated brain extraction using BET (Smith, 2002) , motion correction using MCFLIRT (Jenkinson et al., 2002) , slice-timing correction, spatial smoothing using a Gaussian kernel (5 mm FWHM), and high-pass temporal filtering (>0.01 Hz). Registration to high-resolution structural and MNI standard brain images was carried out using FLIRT (Jenkinson and Smith, 2001) . Data from three subjects was subsequently discarded due to multiple movements >3 mm identified from the MRI motion parameters that resulted in poor quality of both EEG and fMRI data.
EEG-fMRI integration
Regional inference was carried out in the GLM framework. We were interested in identifying brain areas where the BOLD response was significantly modulated by visual stimulation, visual stimulus contrast, and spontaneous alpha-power. Additionally, we sought to characterise the brain areas in which differential BOLD responses to visual stimulus contrast were modulated by alpha-power. This motivated us to employ a GLM design analogous to the psychophysiological interaction (PPI) method (Friston et al., 1997; O'Reilly et al., 2012) . More traditionally, these designs are referred to as Analysis of Covariance (ANCOVA) with interaction and classically embody one discrete factor (here visual stimulus contrast with two factor levels, LC and HC) and one continuous factor (here alpha-power) and their interaction. The first-level (i.e. run specific) design matrices thus comprised four regressors: 1) main effect of visual stimulation, constant amplitude Dirac δ-functions located at the onset of each stimulus; 2) main effect of visual stimulus contrast, constant amplitude Dirac δ-functions located at the onset of HC stimuli only; 3) main effect of continuous alpha-power derived from the EEG data as described above; and 4) the interaction between continuous alpha-power and visual contrast, modelled as the element-wise multiplication of columns (2) and (3). The multiplication of the constant amplitude contrast regressor with the alpha-power creates an additional regressor, the amplitude of which is non-linearly larger when a stimulus occurs during a state of high alpha-power and smaller when a stimulus occurs during low alpha-power. All regressors were convolved with a canonical double-gamma HRF and positive and negative contrasts were assessed for all regressors. A representative first-level design matrix is shown in Fig. 1 . Simulations were performed to test the statistical power and validity of our design matrix (see Supplementary information). Figs. S1, S2 and S3 demonstrate that each condition of interest in the simulated data (all main effects and the interaction term) is separately detected by its designated regressor without affecting the fit of the rest of the model. No systematic bias is observed in any of the beta weights, demonstrating that the design matrix is sound and non-rank deficient. Statistical analysis was carried out in FEAT 5.98 using FILM with local autocorrelation correction (Woolrich et al., 2001) . First-level results were combined across all runs to calculate an average response per subject at the second-level with fixed effects and then combined across all subjects at the third-level using FLAME 1 + 2 mixed effects (Woolrich et al., 2004) . All Z-statistic images were thresholded using clusters determined by a Z > 2.0 and cluster corrected significance threshold of p b 0.05.
ROI definition and timecourse extraction
EEG-fMRI integration was used to identify brain regions exhibiting an alpha-BOLD interaction, based on fitting a canonical HRF to BOLD responses in a GLM analysis framework. We further visualized the temporal characteristics of the alpha-dependent modulation upon the regional PBR and NBR timecourses by examining the differences in response shape and area, rather than just amplitude, which are dependent upon spontaneous brain activity. The intrinsic negative coupling between alpha and BOLD signals was controlled for by removing the weighting of continuous alpha-power from each voxel of the BOLD data using multiple linear regression in the fsl_regfilt tool. Additionally, we examine the effect of pre-stimulus alpha power on the residuals of the GLM fit, investigating the alpha-modulation of the remaining BOLD response variance after all main effects and the interaction term are removed from the data. Singletrial haemodynamic responses (HRs) were then extracted from visual, auditory and default-mode network (DMN) regions of interest (ROIs). ROIs were defined by centering a 3 × 3 × 3 voxel cube (7.5 × 7.5 × 9 mm) on the maximum Z-statistic voxel of the following group-level GLM contrasts: 1) Stimulus PBR: Defined from the main effect of visual stimulation > baseline in contralateral visual cortex and separately in the contralateral lateral geniculate nucleus (LGN). 2) Stimulus NBR: Defined from the main effect of visual stimulation b baseline in bilateral auditory cortex and separately in the precuneus/ posterior cingulate (PCC). 3) Continuous alpha-power: Defined from the negative correlation between continuous alpha and BOLD signal in ipsilateral primary visual cortex. 4) Alpha-BOLD interaction in PBR regions: Defined from the conjunction between the stimulus-alpha interaction and visual stimulation > baseline in visual cortex. 5) Alpha-BOLD interaction in NBR regions: Defined from the conjunction between the stimulus-alpha interaction and visual stimulation b baseline, separately in auditory cortex and PCC.
All ROIs were registered to individual runs and the average voxel timecourse was extracted. Timecourses were epoched based upon stimulus timings (−2 to +11 sample points) to create single-trial HRs separately for HC and LC stimuli. Separately for each run and each ROI, the mean HR was calculated across both HC and LC stimuli and the average value of the first three time-points was taken as the signal baseline level for that run. Using all data in this manner ensured that potential baseline differences between HC and LC conditions could not confound subsequent analyses. Single-trial HRs were then converted into percent signal change relative to this baseline level. For each ROI, separately for each subject, single-trial HRs were sorted into lower and upper quartiles based upon the amplitude of pre-stimulus alpha-power in the corresponding EEG trial. Lower and upper quartile HRs were averaged across subjects, separately for both HC and LC stimuli, and the integral of HR area was calculated. For each ROI, paired student's t-test was used to identify time-points with differences in HR amplitude between quartiles.
Resting-state analysis
Functional connectivity analyses (fcMRI) were conducted to investigate the properties of the visual-auditory network and the DMN during the resting-state. Our motivation for this was to investigate whether regions that displayed a modulation of BOLD response with alpha power during the task exhibited intrinsic coherence in the fluctuations of resting-state BOLD signal which is indicative of a functionally connected network. Firstly, resting-state data from all subjects were temporally concatenated and MELODIC was used to decompose this group data into 10 maximally independent spatial maps . This relatively low number of components was chosen to ensure that the entire DMN network was encapsulated by a single component rather than fractured into individual areas between several components. A single group DMN component was manually identified based on its characteristic spatial pattern of PCC, bilateral intra-parietal lobe and medial prefrontal cortex (mPFC) (De Luca et al., 2006; Raichle et al., 2001) . Secondly, the resting-state data from each subject were low-pass filtered (0.008 b f b 0.08 Hz) and the following trends of no-interest were removed with linear regression: six motion parameters, ventricular, white-matter and global brain signals (Fox et al., 2005 ). An MNI standard-space mask of bilateral Heschl's gyrus (Harvard-Oxford cortical structural atlas) was applied to the group-level statistical GLM map of the significant alpha-BOLD interaction to define an auditory seed ROI for fcMRI. First-level, voxel-wise correlations with the mean seed timecourse were combined across subjects at the second-level with fixed effects using FEAT (p b 0.05 cluster corrected).
Results
Behavioural data
Due to a technical malfunction of the response device, behavioural data were only obtained from eight subjects. For these, the hit rate in the target detection task was high (0.95 ± 0.03 (SEM)) and the number of false alarms was low (3.1 ± 1.6 (SEM)) indicating good task performance, and maintenance of central fixation and attention throughout.
EEG
Simultaneous EEG-fMRI recordings suffer from the detrimental effects of MR environment artefacts on EEG data quality (Mullinger and Bowtell, 2011) . To ensure that the EEG data processing maintained the neuronal signals of interest whilst suppressing artefactual components, we analysed the EEG time-frequency and evoked potential stimulus response features and their modulation by pre-stimulus alphapower. In accordance with previous studies (Brookes et al., 2005; Woertz et al., 2004 ) the group mean time-frequency spectrograms showed that visual stimuli induced a non-phase locked alpha eventrelated desynchronisation (ERD) in all subjects, for HC ( Fig. 2A) and LC (Fig. 2B) , lasting between 0.1 and 1.3 s post-stimulus, coincident with the stimulus presentation. The ERD was followed by a pronounced alpha rebound from 2.1 to 4 s. In all subjects ICs representing continuous alpha-power (7.3 ± 2.4 mean ± std) were identified. The group average, bilateral occipital scalp topography of alpha-power is shown in Fig. 2C . Robust, phase-locked VEP responses with contralateral, occipital scalp topographies were also measured in all subjects. In analogy with previous studies Reinacher et al., 2009 ), a significant effect of pre-stimulus alpha-power upon both ERD ( Fig. 2D and E) and VEP ( Fig. 2F and G) amplitudes was observed. Specifically, higher pre-stimulus alpha-power indexed trials with larger VEP P100-N140 amplitude and larger magnitude ERD. These results indicate that our EEG pre-processing has preserved the neuronal signals of interest whilst suppressing artefacts, allowing us to identify subtle effects of pre-stimulus alpha rhythm on post-stimulus alpha-power and the VEP.
EEG-fMRI GLM
Group mixed-effect statistical maps showed that the main effect of left-hemifield checkerboard stimulation evoked significant PBR in contralateral (right) LGN, contralateral V1 (cV1) and bilateral secondary visual areas (Fig. 3, red) . Significant NBR to visual stimulation was observed in bilateral auditory cortex as well as the PCC and mPFC (Fig. 3 , dark blue) (see Table 1 for MNI co-ordinates). The amplitude of continuous occipital alpha-power correlated negatively with BOLD signal in bilateral primary and secondary visual cortices (Fig. 3, light blue) . A significant negative interaction between the amplitude of alpha-power and visual stimulus contrast (Fig. 3, green) was observed bilaterally in anterior primary visual and primary auditory cortices, as well as the PCC. Substantial overlap between the stimulus PBR and this interaction term was observed in anterior cV1 (Fig. 3 , yellow, 634 voxels) and contralateral LGN; and between the stimulus NBR and the interaction in bilateral auditory cortex, PCC and mPFC (Fig. 3, purple, 1876 voxels) . The main effect of visual contrast showed PBR and NBR in a subset of the visual, auditory and PCC regions activated by the main effects of stimulation (data not shown). No significant positive correlations with continuous alpha-power or positive interactions between alpha and stimulus contrast were observed.
To highlight in more detail the effects demonstrated by the GLM analysis, the BOLD HRs in Fig. 4 illustrate the regional modulation of the shape and area of both the PBR and NBR in relation to pre-stimulus alpha-power. No significant difference in PBR amplitude or area between upper and lower quartiles of pre-stimulus alpha-power trials was observed in the peak-voxel ROI in posterior cV1 (Fig. 4A) . However, the peak amplitude and area of PBR from anterior cV1 were significantly larger when visual stimuli were delivered during a state of low alpha-power than when stimulation occurred at high alpha-power (Fig. 4B) for both HC (6-10.5 s) and LC (6 s) stimuli. Similarly, when visual stimulation was delivered during the lower quartile of pre-stimulus alpha-power a small but significantly larger PBR in ipsilateral V1 (iV1) (HC 6-7.5 s, LC 4.5-6 s) was observed than when stimulation was delivered during the upper quartile (Fig. 4C) . PBR in the contralateral LGN (Fig. 4D ) was also larger in lower alpha quartile trials for the HC stimuli only (6 s and 10.5-12 s). The peak magnitude of the NBR in auditory cortex (Fig. 4E) and PCC (Fig. 4F) was increased (i.e. NBR was more negative) when visual stimuli were delivered at a state of high alpha-power compared to when stimulation occurred at low alpha-power. This effect lasted from 5 to 9 s for HC stimuli in both auditory and PCC and at 4.5 s for LC stimuli in auditory cortex. The distribution of upper and lower quartile trials was not significantly different between runs, so potential confounding effects of trial order within the experiment cannot account for the observed effects on HRs. Supplementary Fig. 4 shows that the residual BOLD response variance is significantly modulated by the alpha-power preceding stimulation. BOLD responses in anterior contralateral V1, ipsilateral V1 and auditory cortices are significantly modulated by pre-stimulus alpha power. This result further demonstrates that BOLD response variability over and above that which can be explained by the main effects of stimulation, alpha power and the interaction between alpha and stimulation, is dependent upon spontaneous brain activity.
Resting-state functional connectivity analyses
GLM analysis demonstrated alpha-BOLD interactions to the visual stimulus within auditory and visual cortex and also the PCC and mPFC (Fig. 3) . We investigated whether these spatially distributed brain regions form functionally connected networks during the resting-state using the independent resting dataset acquired in each subject. Fig. 5 illustrates the very high degree of spatial overlap that we observe between the resting-state DMN identified using group ICA and the PCC and mPFC regions that display a significant NBR to visual stimulation.
Lower 25%
Upper 25% Seed-based fcMRI analysis demonstrated that significant functional connectivity existed between primary auditory cortex and anterior primary visual cortex during the resting state (Fig. 6) . Furthermore, a high degree of spatial overlap was observed between this functionally connected network at rest and the areas where a significant interaction between pre-stimulus alpha-power and both PBR and NBR was observed during stimulation (Fig. 6) . The conjunction between areas exhibiting significant resting-state functional connectivity and alpha-BOLD interaction during visual stimulation comprised 3345 voxels.
Discussion
This study significantly advances our understanding of the relationship between the spontaneous state of the brain and the brain's response to stimulation in several ways. We present a simple yet powerful method for investigating the modulation of fMRI responses by spontaneous brain activity by incorporating EEG alpha power, as a continuous index of cortical excitability (Romei et al., 2008) , into the GLM and modelling its interaction with a conventional stimulus regressor. We present novel evidence of a significant interaction between the power of the ongoing alpha-oscillation and the BOLD response to visual contrast, suggesting alpha power are associated with higher BOLD signal levels, which manifest as enhanced PBR and reduced NBR magnitudes. Although we delivered a unilateral stimulus, the alpha modulation of BOLD responses is observed bilaterally in visual and auditory cortices and also in the midline nodes of the DMN. These distinct brain areas received very different stimulus-input information, display different BOLD response morphologies and polarities but are similarly modulated by alpha-power. The visuo-auditory areas are shown to form a functionally connected network in the resting state. Therefore we hypothesize that the observed BOLD modulation is a representation of top-down inhibitory control mechanisms in this network, indexed by the alpha oscillation . Our findings provide further support for the theory that reduced alpha-power indexes greater cortical excitability (Romei et al., 2008) and an enhanced response to stimulation (represented by increased PBR magnitude), whilst high alpha-power mediates inhibition ) (represented by decreased PBR or increased NBR magnitude). Furthermore we provide novel evidence that this alpha modulation is not restricted to the directly stimulus-driven primary visual areas, but is associated with modulated NBR in other sensory modalities and in a general brain network such as the DMN. We suggest that this modulation of NBR occurs via fluctuations in the balance of cortical excitation/ inhibition similar to the mechanism that underlies modulations of PBR.
Low pre-stimulus alpha-power enhances PBR to visual stimulation in visual cortex
Significantly increased PBR amplitude was associated with low alphapower in anterior V1 but not in posterior contralateral V1 where the most significant BOLD response to the stimulus was observed. The powerful modulating effect of pre-stimulus alpha-power upon the BOLD response is particularly evident in ipsilateral V1, which was not directly stimulated by the hemifield checkerboard. iV1 exhibits a significant PBR when HC trials are preceded by low pre-stimulus alpha-power (i.e. at a period of high cortical excitability), but a negligible response when pre-stimulus alpha-power is high (Fig. 4C) . For the LC stimulation, the pre-stimulus alpha-power predicts whether a PBR or an NBR is observed in iV1. This demonstrates that the BOLD response in iV1 displays a high degree of trial-to-trial variability and that spontaneous activity can be an important factor in determining response presence, polarity and magnitude.
A significant modulation of PBR in the contralateral LGN by prestimulus alpha-power was also observed (Fig. 4D). LGN thalamocortical neurons play a role in generating cortical alpha oscillations (Hughes et al., 2004; Lorincz et al., 2009) . The LGN represents the first stage in the visual pathway at which top-down cortical feedback signals can affect processing (Kastner et al., 2006) , and fMRI signal in the LGN has previously been shown to increase with stimulus contrast and be modulated by direction of attention, analogous to responses in visual cortex (O'Connor et al., 2002) . The current data suggests that in an analogous manner to visual cortex, LGN excitability, as indexed by cortical alpha-power, is related to the amplitude of its response to stimulation.
Comparison with recent investigations of alpha-BOLD coupling
Recent studies have reported either no effect (Scheeringa et al., 2011) or a linear effect of alpha-power upon visual PBR (Becker et al., 2011) . The present study suggests that in addition to linear alpha-BOLD coupling, significant BOLD response variance exists which can be explained by non-linear alpha-BOLD coupling. Our PPI-GLM demonstrates an interaction between alpha-power and the BOLD response to stimulation that is dependent upon the stimulus contrast. The current investigation of the relationship between alpha-power and PBR and NBR in visual, auditory and DMN regions, and the effect of stimulus intensity, extends previous studies that focussed exclusively on visual cortex and did not modulate stimulus input.
Becker et al., demonstrate a strong linear relationship between alpha and BOLD in visual cortex (Becker et al., 2011) , however they did not test explicitly for non-linear effects. Scheeringa et al., show a linear modulation of BOLD by alpha power (in addition to alpha phase) but their subtraction of pseudo-trial activity from stimulus trials removes this effect (Scheeringa et al., 2011) . The pseudo-trial approach is sub-optimal as it assumes: 1) temporal stationarity of alpha-BOLD coupling between the visual-fixation, baseline periods (defined as pseudo trials) and the stimulus trials at independent time points; 2) spatial stationarity of alpha-BOLD coupling; and 3) that alpha-BOLD coupling is equivalent during "rest" and during stimulation. In the current study, these assumptions would need to be extended to assume that the alpha-BOLD coupling is equivalent between rest and different stimulus intensities. Providing some evidence against these assumptions, Becker et al. calculate that a comparable alpha-BOLD coupling between rest and during stimulation exists in only a subset of occipital areas (Becker et al., 2011) . Modelling the ongoing effect of alpha power at each fMRI time-point, as adopted in the current study and Becker et al., contains fewer assumptions about alpha-BOLD coupling and appears a more robust way of accounting for the spontaneously dynamic state of the brain, under the limits of the MR sampling frequency. Additionally, the magnitude of the BOLD responses measured in Scheeringa et al., is relatively small (~0.3%) (Scheeringa et al., 2011) compared to those reported here (~1.5%). The magnitude of the BOLD response is known to increase with increasing duration and/or intensity of visual stimulation (Shmuel et al., 2002) . The alpha power modulation could potentially depend upon the size of the neuronal population recruited or the intensity of the activity evoked by the stimulus. Therefore a further potential source of discrepancy between Scheeringa et al., and Becker et al. , and the current study could lie in the duration of stimulation delivered (17 ms duration (Scheeringa et al., 2011) compared to 900 ms (Becker et al., 2011) and 1000 ms in the present study).
Functional interpretation of the alpha modulation of BOLD responses
The modulatory effect of pre-stimulus alpha-power extends into auditory and DMN regions where the BOLD signal is reduced below baseline in response to visual stimulation. During trials with low pre-stimulus alpha-power, NBR in both auditory and DMN ROIs is reduced in both magnitude and area and also peak at their maximum signal magnitude at an earlier latency (Fig. 4E,F) . We therefore observe that during a state of low alpha power enhanced visual PBR is concurrent with reduced magnitude NBR and vice versa. The modulation of both PBR and NBR by alpha-power is suggestive of an underlying balance between excitatory and inhibitory drives across the entire network.
The increase and decrease of power in the alpha oscillation reflect concurrent increases and decreases in the synchronous firing of the underlying neuronal population. This synchrony is co-ordinated by a balance between the activity of inhibitory and excitatory neurons and thus reflects phases of low versus high cortical excitability Mathewson et al., 2011; Mazaheri and Jensen, 2010; Toscani et al., 2010) . The consequence of these phasic cycles in inhibition/excitation is suppression/enhancement of interfering/relevant stimulus information (Busch et al., 2009; Ergenoglu et al., 2004; Hanslmayr et al., 2007; Linkenkaer-Hansen et al., 2004; Thut et al., 2006; Worden et al., 2000) and reduction/enhancement of PBR and NBR (Fig. 4) . The phase of the alpha oscillation has also been shown to modulate the power of high frequency (>30 Hz) gamma activity (Osipova et al., 2008) . Therefore a potential mechanism by which alpha indirectly modulates the PBR could be through the correlation between gamma activity and the BOLD signal which has been demonstrated invasively (Goense and Logothetis, 2008) .
However, the neurophysiological origins of NBR remain incompletely understood (Goense et al., 2012) , although both transcranial magnetic stimulation and neuroimaging studies have suggested that ipsilateral NBR reflects interhemispheric inhibition via reduction of excitatory input (Allison et al., 2000; Chen and Hallett, 1999; Kastrup et al., 2008; Klingner et al., 2011; Shmuel et al., 2002) . The contribution of increased local inhibition to the local decrease in neuronal activity (Shmuel et al., 2006) , as well as the frequency specificity of the decrease in neuronal activity potentially underlying the NBR, remain unknown.
An intrinsic, negative linear coupling between alpha-power and the BOLD signal during the resting-state has been widely demonstrated in visual cortex (de Munck et al., 2009; Goldman et al., 2002 ) and a positive alpha-BOLD coupling in the DMN has been recently reported (Mo et al., 2012) . The reductions in neuronal activity (NBR) in auditory cortex that are observed during visual stimulation have been attributed to cross-modal inhibition (Kawashima et al., 1995; Laurienti et al., 2002; Mozolic et al., 2008) . Long-range synchronisation of oscillatory rhythms between cortical regions has been shown to establish functional connectivity and facilitates the integration of information between cortical regions (Fries, 2005; Varela et al., 2001) . Complementary to this, we have shown that the same regions of primary visual and primary auditory cortices where a significant interaction between alpha-power and the BOLD response to stimulation is observed, also display significant functional connectivity during the resting-state (Fig. 6) , demonstrating a potential underlying functional substrate for the observed alpha-BOLD interaction. We hypothesize a functional relationship that links increases in alpha-power, inhibition and NBR amplitude where alphapower acts as mediator for auditory inhibition, the strength of which is represented in part by NBR, as a mechanism to improve network processing and responses to the visual stimulation. We therefore observe that alpha-power indexes both short and long-range cortical excitability of visual and auditory cortex respectively.
Posterior alpha and rolandic mu power has been shown to reflect the excitability of visual and sensorimotor cortices respectively (Anderson and Ding, 2011; Neuper et al., 2006; Pineda, 2005; Reinacher et al., 2009; Romei et al., 2008; Steriade and Llinas, 1988; Worden et al., 2000; Zhang and Ding, 2010) , but their link to the excitability of cortical networks beyond their sensory modality is little studied. An important topic for future research is to investigate how the functional interaction and collaboration between macroscale ICNs mediate brain function and behaviour. Auditory cortex is thought to possess its own bilateral 10 Hz rhythm (Weisz et al., 2011) which would be expected to best index auditory excitability, though the convolutions of the cortical surface mean that this is poorly represented in scalp EEG. The presentation of a visual stimulus results in excitatory neuronal signalling propagating via the LGN to V1. During a state of enhanced alpha power this stimulation results in reduced visual positive BOLD and enhanced magnitude of auditory negative BOLD. Considering the functional and structural connectivity between visual and auditory cortices (Beer et al., 2011; Eckert et al., 2008; Falchier et al., 2002; Rockland and Ojima, 2003) , we hypothesize that this increased alpha power and visual cortex excitability is associated with reduced excitatory input to auditory cortex (and auditory NBR) via cross-modal modulations of the intrinsic functional coupling between the cortices. Top-down modulation from frontal or parietal cortices could also contribute to modulation of auditory cortex activity due to the increased attentional resources recruited by visual areas (Hopfinger et al., 2000) .
Alpha and NBR relationships in the DMN
Pre-stimulus alpha-power also modulated NBR in midline DMN regions. The DMN is an anatomically organized mode of neuronal activity that is preferentially engaged during the resting-state (Buckner et al., 2008) . The magnitude of DMN deactivation in response to stimulation has been shown to reflect the level of subject's taskengagement (McKiernan et al., 2006; Singh and Fawcett, 2008) . Invasive electrophysiological recordings in humans demonstrate that DMN deactivation can be confidently interpreted as a decrease in local neuronal activity in response to stimulation ). In the current study, increased pre-stimulus cortical excitability (lower alpha-power) is associated with a subsequently more engaging stimulus that evokes larger amplitude visual PBR, and results in a greater interruption of intrinsic processes and enhanced DMN deactivation, concurrent with increased inhibition of auditory cortex. Occipital alpha-power provides an index of subjects' alertness, arousal and cortical excitability that is indirectly related to the responsiveness of the DMN network to the visual stimulus. DMN fluctuations are posited to reflect either externally directed monitoring of the environment, or internally directed mentation (Buckner et al., 2008) , both of which could be associated with fluctuations in subjects' susceptibility/responsiveness that would affect the saliency of an external stimulus. As such, the ongoing pattern of synchronisation/ desynchronisation of alpha oscillations could in some circumstances be analogous to the fluctuations of activation/deactivation that are used to describe DMN function. In support of this hypothesis, a recent study (Mo et al., 2012) suggests that fluctuations in resting-state alpha power reflect the antagonistic relationship observed between the task-negative (DMN) and task-positive (fronto-parietal) networks with fMRI (Fox et al., 2005) .
Conclusion
We used simultaneous EEG-fMRI to demonstrate a significant interaction between the amplitude of spontaneous alpha-power and the magnitude of both PBR and NBR to brief visual stimulation. We provide novel evidence that the spontaneous "baseline" of brain activity can substantially modulate the amplitude and shape of visual PBR and auditory and DMN NBR dependent upon stimulus properties. The modulated regions form a functionally connected network during the resting state. Our findings have important implications for measurements of brain activation using fMRI that are relative to a pre-stimulus baseline, particularly when interpreting how relative BOLD changes relate to the metabolic cost of switching between different states of brain activity.
Supplementary data to this article can be found online at http:// dx.doi.org/10.1016/j.neuroimage.2013.02.070.
